Two dimensional (2D) materials provide a unique platform for spintronics and valleytronics due to the ability to combine vastly different functionalities into one vertically-stacked heterostructure, where the strengths of each of the constituent materials can compensate for the weaknesses of the others.
Spintronics and valleytronics, novel fields with large potential impacts in both fundamental science and technology, utilize the electron's spin and valley degrees of freedom, in addition to charge, for information storage and logic operations. In the past decade, experimental studies have established singlelayer and multilayer graphene as among the most promising materials for spintronics due to their high electronic mobility combined with low intrinsic spin-orbit coupling. Graphene exhibits room temperature spin diffusion length of up to tens of microns, substantially longer than conventional metals or semiconductors (<1 micron) [1] [2] [3] [4] . However, graphene's lack of spin-dependent optical selection rules has made opto-spintronic functionality impossible, a substantial limitation for graphene.
Fortunately, monolayer MoS 2 and related semiconducting transition metal dichalcogenides (TMDs) exhibit favorable characteristics for nanoscale opto-valleytronic and opto-spintronic applications [5] [6] [7] .
TMDs have strong spin-orbit coupling due to the heavy metal atom and lack inversion symmetry in monolayer form, the combination of which allows complete simultaneous valley and spin polarization through absorption of circularly polarized light [8] [9] [10] [11] [12] [13] [14] . This originates from the valley-dependent optical selection rules of monolayer MoS 2 , where absorption of circularly polarized σ+ (σ-) photons excites electrons only in the K (K " ) valley. Because this valley selection rule derives from the symmetries of the lattice, it is a general rule that also applies to systems with low SO coupling such as monolayer hBN and gapped graphene 9, 10 where the valley-dependent optical transition is independent of spin. In monolayer MoS 2 , however, the spin selection is induced by the strong SO coupling. In the K (K " ) valley, the valence band has a large spin-orbit splitting with a spin up (down) state at the valence band maximum and spin down (up) state lower in energy, with SO splitting of ~150 meV 8, 15 . Therefore, the spin and valley degrees of freedom are strongly coupled, and the valley optical selection rule can be used to generate spin-polarized photoexcitation.
The true strength of graphene and TMDs for spin-and valleytronics lies in the combination of the two materials, where the strengths of each material can compensate for the weaknesses of the other. It has already been demonstrated that manipulation of spin currents in graphene is possible through proximity to TMDs via spin absorption 16, 17 , as well as proximity to magnetic insulators through exchange fields 18, 19 .
Additionally, Fabian and co-workers proposed that absorption of circularly-polarized photons in monolayer MoS 2 will create valley/spin polarized excitations that can generate spin injection into an adjacent graphene layer 20 . This would provide a route toward opto-spintronic functionality in graphene by creating a vertical heterostructure with monolayer MoS 2 .
In this Letter, we experimentally demonstrate spin injection from monolayer MoS 2 to few-layer graphene following optical valley/spin excitation in MoS 2 with circularly polarized light. We detect spins in graphene through voltage signals on a ferromagnetic (FM) electrode in a non-local measurement geometry. Notably, the spins in graphene precess in an external magnetic field and we obtain antisymmetric Hanle spin precession curves, which prove that the measured voltage signals originate from optical spin injection and spin transport. In addition, we find that tuning the photon energy adjusts the magnitude and direction of the injected spin polarization, which is a direct consequence of the large spin splitting in the valence band of MoS 2 . Low temperature measurements (10 K) reveal a double peak structure in the spin signal spectrum near the A exciton resonance, while measurements at elevated temperatures find that the opto-valleytronic spin injection into graphene persists up to room temperature.
Lastly, we quantify the injected spin current using a one-dimensional spin transport model based on the Bloch equations. Our results demonstrate unprecedented spintronic/valleytronic functionality of a TMD/graphene device by integrating opto-valleytronic spin injection, lateral spin transport and electrical spin detection in a single van der Waals heterostructure. As illustrated in Figure 1 , the concept of the experiment is to optically excite spin/valley polarization in MoS 2 in order to inject spin polarization into the underlying graphene, where it diffuses and precesses in an external magnetic field, and is finally detected electrically by a FM electrode. We begin with the absorption of circularly polarized photons in monolayer MoS 2 to produce spin/valley-polarized carriers oriented out-of-plane (along +z), which subsequently transfer into the adjacent few-layer graphene. The spins (blue arrows) then diffuse within the few-layer graphene toward a ferromagnetic (FM) spin detector with in-plane magnetization. To detect the spin transport, a magnetic field B $ is applied to induce spin To realize this experimentally, we fabricate a monolayer MoS 2 /few-layer graphene hybrid spin valve, shown in Figure 2a . This device consists of n-type few-layer graphene (black dashed lines) contacted by monolayer MoS 2 (red dashed lines), Cr/Au electrodes (G1, G2) and Co electrodes with SrO tunnel barriers (C1-C10). Details of sample fabrication and material characterization are in the Supporting Information (SI), Sec. 1. Before attempting optical spin injection, we first establish the proper electrical spin injection, transport and detection processes in few-layer graphene using the non-local magnetotransport geometry at 10 K, as shown in Figure 2b . The current I +,-(= 1 µA) injects spin polarized electrons into graphene at injector electrode C6. The spins subsequently diffuse in graphene towards the spin detector C8, where it is measured as a voltage signal V () across electrodes C8 and G2
(nonmagnetic reference electrode). . Similarly, we observe two peaks at nearly identical photon energies in the photocurrent spectrum (Figure 3b ) (see SI, Sec. 3 for details of the measurements).
Having established the optimal energy for light absorption and the ability to detect spins electrically, we turn our attention to the combined functionality of optical spin injection and lateral spin transport in the MoS 2 /graphene hybrid spin valve. As illustrated in Figure 3c , we focus the laser beam (~2 µm, 100 µW) on the MoS 2 /graphene junction at a photon energy of 1.93 eV (A exciton) for the optical spin injection, and measure the voltage V () across electrodes C6 and G2 for electrical spin detection. We also magnetize the detector electrode magnetization along +x direction (denoted as M+). Circular polarization of the incident light produces spin/valley polarization in the MoS 2 layer with spin oriented out-of-plane (for noise rejection, we modulate the helicity and detect using lock-in techniques, as discussed in the SI, Sec. 4). A coherent transfer of spin across the MoS 2 /graphene interface results in out-of-plane spin polarization in the graphene layer, which will subsequently diffuse towards the FM detector (C6).
Because the spin orientation is perpendicular to the detector magnetization, this will result in zero spin signal in V () . In order to detect spins, we therefore apply an external in-plane field (B $ ) along the graphene strip to induce spin precession and generate a component of spin along the detector magnetization (+x direction). The light blue curve in Figure 3d Tuning the photon energy from the A exciton to the B exciton should switch the orientation of the injected spin polarization due to the large spin-orbit splitting in the monolayer TMD band structure. As shown in Figure 4a In addition, we explore the temperatures at which the opto-spintronic device can successfully operate.
Remarkably, the signal persists up to room temperature. As shown in Figure 5a , ∆V () at room temperature exhibits a similar dependence on photon energy as at low temperature, with the positive peak at the A resonance red-shifted to around 1.86 eV, and the negative peak at the B resonance red-shifted to around 1.99 eV. The red shift and peak positions at room temperature are consistent with previous To better understand the data and quantify the optical spin injection current, we have developed a one-dimensional model to describe spin transport in the monolayer MoS 2 /few-layer graphene hybrid spin
valve. In our model, spin accumulation is considered as a three-component vector In conclusion, we demonstrate opto-valleytronic spin injection in monolayer MoS 2 /few-layer graphene hybrid spin valves through Hanle spin precession measurements. The magnitude and direction of optically injected spins are tunable by both helicity and photon energy, and the observed spin signals persist up to room temperature. In terms of scaling, such opto-spintronic devices would be subject to the diffraction limit (~500 nm), although the use of near-field optics could allow for smaller devices. These results pave the way for multifunctional 2D spintronic/valleytronic devices and applications. Figure S1a shows the sample after this step. It is important to note that while polymers are used in the transfer process, the surfaces that form the MoS 2 /graphene interface are never in contact with the polymers. Next, the MoS 2 /graphene heterostructure is patterned by e-beam lithography with PMMA resist and etched by low-power inductively coupled plasma reactive ion etch (ICP-RIE) to have two (or more) graphene strips extend from the junction region. This process is followed by another annealing step in UHV to remove PMMA residue. Figure S1b shows the sample after this step. Subsequently, we use two steps of e-beam lithography with MMA/PMMA bilayer resist to fabricate electrodes. In the first step, Au electrodes (70 nm) are deposited on the few-layer graphene using an e-beam source and a 5 nm Cr underlayer for adhesion ( Figure S1c ). In the second step, Co electrodes with SrO tunnel barriers are deposited in an MBE chamber using angle evaporation with polar angle of 0° for the SrO masking layer (3 nm), 9° for the SrO tunnel barrier (0.8 nm), and 7° for the Co electrode (60 nm) 1, 2 . Figure S1d shows an image of the completed device. graphene is characterized by Raman spectroscopy and atomic force microscopy (AFM). The Raman spectrum of the 2D peak ( Figure S2a ) is consistent with a thickness of three or more layers, 3 while AFM measurements indicate a thickness of 3-4 layers. 4 Second, the few-layer graphene is determined to be ntype by measuring the four-probe resistance as a function of backgate voltage V G applied to the Si substrate ( Figure S2b ). The decrease of resistance with increasing V G indicates that the few-layer graphene is n-type. Unless specifically noted, all measurements are performed at V G = 0 V. Figure S2 . Characterization of the few-layer graphene. (a) Raman spectrum of the 2D peak, which indicates a graphene thickness of three or more layers (514 nm laser wavelength). (b) Gatedependent resistance, indicating that the graphene is n-type.
ASSOCIATED CONTENT Supporting Information

Details of the Graphene Spin Transport Measurement and Analysis
Here we provide details of the spin transport measurement as shown in Figure 2 of the main text. The device is wired up in a non-local spin transport geometry as shown in Figure 2b , and we utilize lock-in detection with a modulation frequency of 11 Hz for noise rejection. Electrical spin injection into graphene is performed by passing an AC current of 1 µA rms (I "#$ ) between the electrodes C6 (spin injector) and The observed jumps in V &' are the hallmark of electrical spin transport, whereas the overall background is unrelated to spin. We note the presence of an additional Co electrode C7 that lies between the spin injector C6 and spin detector C8. Because C7 has a large contact resistance of ~100 kΩ, we assume it has a negligible effect on spin transport between contacts C6 and C8. Figure S3 . In-plane Hanle curve measured at T = 10 K. The black circles are the measured data and the red curve is the best fit.
To determine the spin relaxation time, diffusion coefficient and spin diffusion length in the few-layer graphene channel, we perform in-plane Hanle spin precession measurements in the non-local geometry.
An external in-plane magnetic field (B * ) perpendicular to the Co electrode magnetization is applied to induce spin precession. Figure 2d shows the Hanle curves obtained for the graphene channel measured in parallel (red curve) and antiparallel (blue curve) alignments of the injector and detector magnetizations.
The measured sweeps for parallel and antiparallel configurations are subtracted and the spin relaxation time, diffusion coefficient, and spin diffusion length are determined by fitting to an analytical expression developed by Sosenko et al. 5 . For the fit, we use the measured contact resistances of the injector and detector to be 3.4 kΩ and 65 kΩ, respectively, and the sheet resistance of the graphene channel to be 340 Ω. Figure S3 shows best fit curve (red) overlaid on the subtracted data (black dots), which yields a spin First, we image the device by monitoring the reflectivity at a fixed wavelength (600 nm) and constant power of 30 µW. By scanning the focused laser spot on the device area while measuring the reflected beam intensity, a real space image of the device is obtained, as shown in Figure S4b . To measure the optical reflection contrast spectrum of the monolayer MoS 2 /few-layer graphene junction, the laser power is increased to 100 µW. The reflection intensity R C is measured as a function of laser wavelength λ at the junction position (blue crosshair in Figure S4b ) to obtain R C (λ) and at a nearby position on the substrate (orange crosshair in Figure S4b ) to obtain R(λ). The reflection contrast spectrum shown in Figure 3a of the main text is given by ∆R/R, where ∆R = R − R C .
In addition, during the spatial mapping of the device by reflectivity ( Figure S4b ), we simultaneously measure the photocurrent response by monitoring the charge current using electrodes G1 and G2 (G2 
G2
G1
S6 grounded, G1 goes into SR570 then lock-in). As shown in a spatial map of the photocurrent in Figure   S4c , there is a strong photocurrent when the laser beam is on the MoS 2 /graphene junction and when it is near the metallic electrodes. The positive photocurrent on the MoS 2 /graphene junction indicates that photocurrent generated at the heterostructure flows towards G1. To perform photocurrent spectroscopy of the MoS 2 /graphene junction, we move the laser beam to the position of highest response (yellow dot in Figure S4c ) and measure the photocurrent as a function of the photon energy (at constant power of 100 µW). The resulting data is plotted in Figure 3b of the main text.
Experimental Setup for the Optical Injection and Electrical Detection of Spin Currents
For the optical injection and electrical detection of the spin current presented in Figures 3d, 4b -c, and 5a-c of the main text, we insert additional polarization optics into the previously described scanning reflectivity and photocurrent microscopy setup (section 3). For these measurements, we utilize an average power of 100 µW. As illustrated in Figure S5 To determine whether the spin transfer from monolayer MoS 2 to few-layer graphene is dominated by electron or hole transport, we perform photovoltage measurements on a monolayer MoS 2 /few-layer graphene junction in a crossbar geometry (inset of Figure S6d ) on SiO 2 (300 nm)/Si substrate (used as backgate). The graphene thickness is determined to be bilayer based on Raman spectroscopy ( Figure   S6a ). Four-probe gate-dependent resistance measurements of the graphene and gate-dependent sourcedrain current (I SD ) at fixed bias voltage (V SD = 0.1 V) of the MoS 2 are shown in Figures S6b and S6c, respectively. For the photovoltage study, we set the backgate voltage to V G = +40 V for n-type graphene because the opto-valleytronic spin injection experiments utilize n-type graphene (see Figures S2 and S9) . is illuminated with either 1.93 eV photons (A resonance) or 2.06 eV photons (B resonance). In both cases, the illumination of the junction produces a positive photovoltage, which indicates that the transfer of carriers from the monolayer MoS 2 to the few-layer graphene is dominated by hole transport. Therefore, the opto-valleytronic spin injection is dominated by the transfer of spin-polarized holes from MoS 2 to graphene. We note that the same polarity of photovoltage is also observed for measurements performed with V G = 0 V and V G = -30 V, which shows that the charge transport from MoS 2 to graphene is dominated by holes even when the graphene is p-type.
Spatial Mapping of the Spin Signal
To verify the double peak structure of the spin signal ∆V &' vs. photon energy observed near the A exciton resonance (Figure 4c of the main text), we perform more detailed scans to rule out potential artifacts from noise or sample drift. To accomplish this, we obtain spatial maps (6 µm × 6 µm) of the spin signal ∆V &' on the MoS 2 /graphene junction and at finer energy steps (3 meV). Figure S7 (right column) shows the spin signal mapping at two representative photon energies (1.925 eV and 1.937 eV). While mapping the spin signal, we simultaneously map the reflectivity to track the sample position (left column in Figure S7 ). The red dashed lines in Figure S7 outline the boundaries of the MoS 2 /graphene junction.
Due to the insertion of polarization optics in Figure S5 , the reflected intensity will be modulated at a frequency of 2f. This occurs because the LP and LCVR are in a Faraday isolator geometry so that retardance of + λ/4 (RCP) and -λ/4 (LCP) both yield a minimum reflection intensity, whereas a zero retardance for the LCVR produces a maximum reflection intensity. Comparing the maps of the spin signal and reflectivity at different wavelengths, we observe that the maximum spin signal occurs at the same sample position within the microscope resolution. From this data set, we extract the maximum spin signal for each photon energy, and the results are presented in the inset of Figure 4c 
Laser Power Dependence of the Spin Signals
To study the laser power dependence of the spin signal, we measure ∆V &' at both A (1.93 eV photon 
Additional Data
We also report the result of experiments performed on another sample, which we will call "sample 2"
(the sample in the main text will henceforth be called "sample 1"). As indicated by Raman spectroscopy and gate-dependent resistance ( Figure S9 ), the graphene is n-type and has a thickness of 2 layers. Figure S10 and S11.
In addition, room temperature spin signals are observed on sample 2. As shown in Figure S11a 
Details of the Modeling
We develop a one-dimensional model to describe the spin transport in the MoS 2 /graphene heterostructure 5, 6 . The schematics of the measured device and device used for modeling are shown in Figure S12 . In the following section, we will describe the model we use in detail. 
and the three components of the electrochemical potential for spin are defined as
For the spin-dependent currents, we define
The charge current is defined as
and the three components of spin current are defined as
Due to the optical selection rules in transition metal dichalcogenides, the circularly polarized light creates a net spin accumulation polarized perpendicular to the sample surface (along the z-axis). The imbalanced spin accumulation can generate a spin current in the MoS 2 /graphene heterostructure. This can be modeled as a pure spin current flowing into the MoS 2 /graphene heterostructure at a constant rate
To simplify the modeling, we assume that the spin current is injected only at the center of the laser spot on the MoS 2 /graphene heterostructure.
Spin Transport in the MoS 2 /Graphene Heterostructure and Graphene Channel
Spin transport in the MoS 2 /graphene heterostructure and graphene channel are assumed to obey the steady-state Bloch equation. The MoS 2 /graphene heterostructure is considered as one spin transport channel, with its characteristic spin lifetime (e f ), diffusion coefficient (g f ) and conductivity (h f ). The S14 graphene channel is described with a different set of parameters (e i , g i and h i , respectively). Since the MoS 2 resistance is normally much larger than graphene, we assume that the charge transport in the MoS 2 /graphene heterostructure is dominated by the graphene sheet, which leads to h f ≈ h i = h X .
For a nonmagnetic material, the charge and spin current can be calculated from the spatial distribution of the electrochemical potential
Here k is the width of the spin diffusion channel. In the device modeled, the charge current is zero throughout the whole channel. This leads to no spatial variation of R X . We assume
To solve for the spin accumulation under an external field p = 0, p U , 0 , one can write down the steady-state Bloch equation
where g is the diffusion coefficient, and e is the spin lifetime in the corresponding channel. 
where å = where _ V abc is injected into the channel; | = Ü is the interface between the MoS 2 /graphene heterostructure and the graphene channel; | = á is the position of the ferromagnetic electrode. By substituting R^ into (8), the expression of spin current in different regions can also be calculated.
Non-Local Voltage Detected by the Ferromagnetic Electrode
The spin accumulation in the spin diffusion channel can be detected as an electrical voltage on a ferromagnetic electrode. For a ferromagnetic material, the electrochemical potential of charge and spin can be described as 
where d is the width of the ferromagnetic electrode. With the device geometry in our model, the ferromagnetic electrode acts as a spin detector, and the net charge current _ ëX = 0. Combining (19) and (20) to cancel out R ëX , and utilizing _ ëX = 0, we derive
The spin electrochemical potential can be described as
where å = 1/ö ë , and ö ë is the spin diffusion length of the ferromagnetic material. This leads to 
¢ ë is the spin resistance of the ferromagnetic material.
Next we consider the interface between the ferromagnetic electrode and the spin diffusion channel.
The interface normally has finite resistance. The interfacial conductivity can be defined as S16 The charge and spin current across the interface can be written as 
Boundary Conditions and Determination of the Electrochemical Potentials and Spin Currents
The continuity condition requires that both the electrochemical potential and spin current should be continuous in the two-dimensional channel. With an external magnetic field applied in the y direction, the spin polarization will only precess in the x-z plane, and spin polarization in the y direction is always zero.
In the x-z plane, the continuity condition leads to (34)
Substituting equation (8), (11) and (13) (11) and (13), we obtain the spatial dependence of the spin-dependent electrochemical potentials in the spin diffusion channel: R T (|) and R V (|). . We note that these particular curves in Figure 6b and 6c were obtained through a fitting procedure described in section 9.6.
Non-local Voltage Detected by the Ferromagnetic Electrode
The non-local voltage detected by the ferromagnetic electrode can be defined as ª ßÉ = R T ëX ô → ∞ − R T X (| → ∞).
Recall that the charge current in the ferromagnetic detector can be written as 
